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Introduction {#sec1}
============

The highly efficient and low-temperature fixation of elemental nitrogen (N~2~) into ammonia (NH~3~) is a highly desirable process concerning the well-being for the entire humanity. The process utilizes and transforms extremely abundant atmospheric N~2~ to produce various important products such as clean fuels, fertilizers, pharmaceuticals, pesticides, explosives, dyes, bleaches, and rocket propellants ([@bib56]). However, the stable N≡N triple bond in N~2~ renders extreme chemical inertness. Up to now, the predominant method for N~2~ fixation relies heavily on the Haber-Bosch process, developed a century ago, and requires harsh reaction conditions of 500°C--600°C, 20--50 MPa, and excessive flammable hydrogen (H~2~) gas. Such process directly consumes more than 1% of the world\'s annual energy supply ([@bib2]). Furthermore, due to the impractical energy requirement of the traditional electric water-splitting process, H~2~, as the necessary feedstock for current N~2~ fixation industries, is still predominantly produced from non-renewable fossil resources ([@bib45]). Although the development of photochemistry in recent years has been enabling N~2~ fixation at ambient conditions ([@bib12]), using photoexcited electrons generated from photosensitizing semiconductor catalysts such as TiO~2~ ([@bib7], [@bib19], [@bib20], [@bib25], [@bib26], [@bib48], [@bib50]; [@bib52], [@bib53], [@bib64]) (including its derivatives such as IIA-oxide-TiO~2~ ternary compound) ([@bib16], [@bib32], [@bib46], [@bib51]), bismuth oxide ([@bib4], [@bib33], [@bib34], [@bib58], [@bib59]), CdS ([@bib5], [@bib8], [@bib9], [@bib21], [@bib22], [@bib23], [@bib29], [@bib28], [@bib37], [@bib40], [@bib54], [@bib60], [@bib63]), and carbonaceous materials (such as graphene ([@bib38], [@bib62]), diamond ([@bib65]), and graphitic carbon nitride ([@bib10], [@bib14], [@bib21], [@bib22], [@bib23], [@bib24], [@bib36], [@bib58], [@bib59])), still these catalysts either give highly limited N~2~ conversion rate (even with large excessive N~2~ flowing of \>1 L·min^−1^) or pose stability problems and undergo photo-self-decomposition during reaction ([@bib20]). Such dilemma has been keeping recent N~2~ fixation researches from gaining further practical impact. Therefore, an innovative design that offers the solution and inspires the potential photo-fixation advancement toward a more sustainable future remains highly desirable.

Ever since the first single-crystalline growth in 1969 ([@bib39]), nitride semiconductors, represented by gallium nitride (GaN), have attracted much research attention for their extreme stability (melting point \>2,500°C), which at the same time enables more than six magnitudes of voltage carrying enhancement and dissipation inhibition compared with conventional oxide semiconductors ([@bib49]). With those superior properties, the nitride semiconductor is believed to serve as the semiconductor of the future ([@bib1]). We have demonstrated the superior performance of GaN and its derivatives to carry out highly efficient catalytic photo-water-splitting ([@bib15], [@bib31], [@bib57], [@bib61]). In early 2017, we reported the preliminary results about GaN as an efficient photosensitizer to conduct ruthenium(Ru)-catalyzed photochemical N~2~ fixation, which achieved record catalytic conversion rate ([@bib35]). Nevertheless, the rate per gram of catalyst was still limited. In addition, the fixation still requires the flammable and non-sustainable H~2~ gas as the reductant with scarce noble metal as the catalyst. We then contemplated the feasibility to eliminate the use of hydrogen by using water as reductant to conduct highly efficient GaN-catalyzed N~2~ fixation. Herein, we would like to report photochemical N~2~ fixation using only N~2~ and water catalyzed by GaN nanowire (NW).

Results and Discussions {#sec2}
=======================

Design and Density Functional Theory Calculation {#sec2.1}
------------------------------------------------

The initial donation of an electron to the ground-state N~2~ (N~2~ + *e*^*-*^ → N~2~^-^) serves as the rate-limiting step of the entire N~2~ fixation into NH~3~ ([@bib6]). However, a large reduction potential of −4.2 V (versus normal hydrogen electrode) poses significant energy barrier. As an initial design, we envisioned that such energy barrier might be easily reduced by using materials that adsorb N~2~ on its surface and stabilize the generated N~2~^-^ intermediate (N~2~ ~(*gas*)~ + *e*^*-*^ + material → N~2~^*-*^~(*adsorbed*)~). The GaN NW was then chosen for its high surface activity and stability to serve as an ideal platform to test our hypothesis. We first performed systematic density functional theory (DFT) calculations to test the N~2~ adsorption characteristics on GaN NW surface ([Figure 1](#fig1){ref-type="fig"}, see [Supplemental Information](#mmc1){ref-type="supplementary-material"} for calculation details). The calculation showed that the N~2~ molecules adsorb on the pristine GaN surfaces via physisorption. However, N vacancies, which have been suggested by many reports on epitaxially grown GaN surface even without further defect engineering process ([@bib41], [@bib27], [@bib42], [@bib17], [@bib43]), can potentially enable strong chemisorption of N~2~. Illustrated in [Figure 1](#fig1){ref-type="fig"}, for the surfaces with N vacancies marked with red dashed circles, the N~2~ molecule prefers to adsorb at the vacancy site. One N atom (N1) attaches to the Ga atom (Ga1) with bond length of 2.27 Å as well as Ga2 and Ga3 atoms with a shorter bond length of 2.07 Å. The other N atom (N2) approaches the Ga atom (Ga2) of the adjacent dimer across the dimer row with a bond length of 2.23 Å. Such a strong bonding between N~2~ and the GaN surface results in an elongated bond length of N~2~ from the original 1.11 to 1.28 Å. The weakened N1-N2 bonds suggest a significant activation of N~2~ molecules upon chemisorption on the GaN surface with N vacancies. Differential charge density was plotted on the right side of [Figure 1](#fig1){ref-type="fig"} to understand the bonding mechanism between N~2~ and the GaN surface. There is a significant charge accumulation (indicated by the light orange color) around the nitrogen antibonding orbital and charge reduction (indicated by the light green color) near the Ga atoms. This implies electron donation from Ga to the antibonding orbital of N~2~ and an ionic-like Ga-N bonding. In addition, for the N~2~ molecule itself, substantial charge reduction was found between the N1-N2 bonds, which also contributes to the reason that the N1-N2 bonds are weakened and elongated significantly. As a consequence, the charge transfer activates the N~2~ molecule upon the adsorption on GaN with N vacancies. The results of Bader charge analysis ([@bib18], [@bib3]) before and after the adsorption provide a quantitative description of the charge changes (see [Figure S4](#mmc1){ref-type="supplementary-material"} and [Table S3](#mmc1){ref-type="supplementary-material"}). Impressively, the N~2~ molecule (in [Figure 1](#fig1){ref-type="fig"}) exhibited an electronegativity of 1.1080 e, in which N1 and N2 atoms obtained 0.7582 e and 0.3498 e, respectively, from the substrate (see [Table S3](#mmc1){ref-type="supplementary-material"}). This indicates that one electron has been donated from GaN to N~2~ upon its adsorption on the N vacancy of GaN, giving the critical N~2~^-^ intermediate. With light irradiation, this intermediate should be further reduced rapidly toward NH~3~ by photoexcited electrons from GaN.Figure 1Geometric and Electronic Properties of N~2~ Adsorption on GaN $\left( {10\mspace{9mu}\overline{1}\text{0}} \right)$-Wurtzite with N Vacancy(Left) Top (upper) and side (bottom) views of the fully relaxed atomic structures of GaN $\left( {10\mspace{9mu}\overline{1}\text{0}} \right)$-wurtzite. The position of N vacancy is marked with red dashed circle. (Right) Top (upper) and side (bottom) views of the fully relaxed atomic structures and differential charge density of N~2~ adsorption on GaN $\left( {10\mspace{9mu}\overline{1}\text{0}} \right)$-wurtzite with N vacancy. CA indicates charge accumulation, whereas CR represents charge reduction. Isosurface contours of electron density differences are drawn at ±0.002 e·Å^−3^; see also [Figure S4](#mmc1){ref-type="supplementary-material"} and [Table S3](#mmc1){ref-type="supplementary-material"}.

Photo-Driven Nitrogen Fixation with Gallium Nitride Nanowire {#sec2.2}
------------------------------------------------------------

With the positive computational results, we began to grow the GaN NW by plasma-assisted molecular beam epitaxy on commercially available Si(111) wafer. The scanning electron microscopic result in [Figure 2](#fig2){ref-type="fig"}A clearly shows the NW arrays aligning vertically to the wafer. The transmission electron microscopic (TEM) result of a single NW demonstrates its size to be approximately 50--80 nm in diameter and 800 nm in height. We also used Si and Mg doping to generate the corresponding n- and p-type GaN NWs, as those dopants can significantly vary the semiconductor\'s surface Fermi level, band bending, etc. Adapted from our previous report ([@bib30]), InGaN segment was also incorporated to the GaN NWs (InGaN/GaN) to examine the catalytic conversion rate under visible light.Figure 2Photochemical N~2~ Fixation Results(A) Microscopic identification of the GaN NW catalyst; (left) Transmission Electron Microscopy Image; (right) scanning electron microscopic image; inset, catalyst slice seen by the naked eye.(B) GaN NW with different dopants under light illumination and with \>400-nm filter, See also [Table S1](#mmc1){ref-type="supplementary-material"}.(C) n-GaN catalyst recyclability test, See also [Table S1](#mmc1){ref-type="supplementary-material"}.(D) ^15^N-labeling experiment result before (above) and after (below) removing adsorbents on the catalyst.(E) EPR spectrum of the freshly synthesized and N~2~-treated n-GaN NW catalyst, acquired with microwave power of 20 dB at room temperature.(F) Temperature programmed desorption of N~2~ on n-GaN NW.

The synthesized GaN NW was examined as the catalyst toward photochemical N~2~ fixation using water in a 425-mL sealed quartz reactor under light illumination for 1 h (see [Transparent Methods](#mmc1){ref-type="supplementary-material"} or [Figure S1](#mmc1){ref-type="supplementary-material"} in [Supplemental Information](#mmc1){ref-type="supplementary-material"} for detail). To our delight, p-GaN NW gave 190 μmol·g~cat~^−1^·h^−1^ catalytic conversion rate toward NH~3~ ([Figure 2](#fig2){ref-type="fig"}B). Using the same deposition protocol, i-GaN NW gave 310 μmol·g~cat~^−1^·h^−1^ rate. n-GaN NW gave an astonishing 450 μmol·g~cat~^−1^·h^−1^ rate. Commercially available GaN powder gave a reduced rate of 170 μmol·g~cat~^−1^·h^−1^. It was shown that the reaction did not give any product in dark. We also examined our reaction under visible light using a long-pass filter (\>400 nm) applied to the light source under the same reaction conditions. It was shown that under this condition, the previously optimized n-GaN NW only gave a trace amount of product, whereas n-InGaN/GaN NW gave 340 μmol·g~cat~^−1^·h^−1^ catalyst conversion rate. With the optimized catalyst in hand, we attempted to increase the NH~3~ yield by prolonging the reaction time. However, the prolonged reaction time did not give significant increase in NH~3~ yield (see [Table S1](#mmc1){ref-type="supplementary-material"}), possibly due to the strong adsorption of NH~3~ on GaN surface. We then attempted to recycle the used catalyst and repeat the reaction cycle with freshly loaded N~2~ and distilled water. Surprisingly, the catalyst exhibited potent activity even after 13 consecutive cycles, with no further treatment applied to re-activate the catalyst between each cycle ([Figure 2](#fig2){ref-type="fig"}C, see also [Figures S8--S10](#mmc1){ref-type="supplementary-material"}, [Supplemental Information](#mmc1){ref-type="supplementary-material"} for detailed result of each cycle). The combined NH~3~ yield reaches 5,700 μmol·g~cat~^−1^. Providing the overall reaction Gibbs free energy change ΔG = + 339 kJ/mol ([@bib55]) and the total power input E = 300 W × 3,600 s × 13, the overall energy efficiency was an astonishing N~NH3~ · ΔG · E^−1^ × 100% = 5%. To confirm the origin of nitrogen in the generated NH~3~, ^15^N isotope labeling experiment was conducted. We first conducted the previously optimized reaction using ^15^N~2~ (98% purity, purchased from Aldrich) instead of the normal ultra-high-purity ^14^N~2~ with GaN grown under normal ^14^N~2~. To our surprise, ^14^NH~3~ was still generated as the main product ([Figure 2](#fig2){ref-type="fig"}D). It was not until the catalyst evacuated at high temperature and vacuum (\>400°C under \<5 × 10^−2^ mbar for 12 h) before the reaction that ^15^NH~3~ prevailed as the main product, indicating that the ^14^NH~3~ product was mainly from the adsorption of atmospheric N~2~ to the catalyst, and not from GaN decomposition. Intriguingly, this result shows an extraordinarily great adsorption tendency for N~2~ on GaN NW surface, which is consistent with our initial DFT studies. To further examine the surface property of the GaN NW, electron paramagnetic resonance (EPR) study was conducted for the freshly synthesized catalyst sample ([Figure 2](#fig2){ref-type="fig"}E). The detection of a resonance peak at approximately 3,450 G is consistent with previous reports ([@bib47], [@bib44], [@bib11]) and therefore confirms the presence of vacancy defect. In addition, a much less significant EPR signal was obtained after treating the catalyst with N~2~, indicating the interaction of the vacancy defect with N~2~. Furthermore, a temperature programmed desorption (TPD) study was conducted using freshly synthesized n-GaN NW ([Figure 2](#fig2){ref-type="fig"}F), which was placed under N~2~ at 45°C for 2 h before TPD. The result clearly shows evidence for N~2~ chemisorption of n-GaN NW surface and the accuracy of our DFT predictions. To examine the possibility for GaN decomposing, X-ray photoelectron spectrum was collected for the GaN NW before and after the reaction, showing the exact same binding energy on Ga^3d^ band (see [Figure S5](#mmc1){ref-type="supplementary-material"}), therefore indicating no decomposition in GaN.

Effect of Ruthenium Deposition and the Selectivity Shift {#sec2.3}
--------------------------------------------------------

To see if the N~2~ fixation efficiency can be further enhanced by incorporating the GaN NW with co-catalyst such as ruthenium nanoparticle (Ru NP), which can significantly enhance the GaN-catalyzed N~2~ fixation under H~2~ by generating unique metal/semiconductor interfacial Schottky junction ([@bib35]), the incorporation of Ru was done by impregnating GaN NWs with a dilute solution of Ru~3~(CO)~12~ followed by gradually heating under vacuum to liberate the solvent and carbonyls (see [Transparent Methods](#mmc1){ref-type="supplementary-material"} and [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"} in [Supplemental Information](#mmc1){ref-type="supplementary-material"} for experimental details). The presence of Ru NP on GaN NW surface was confirmed by TEM result ([Figure 3](#fig3){ref-type="fig"}A), as extremely small clusters of \<1 nm size even with 5 wt % Ru loading (versus GaN). However, the GaN-catalyzed N~2~ fixation by water gave vastly different results compared with our previous N~2~ fixation by H~2~, as the incorporation of Ru NP decreased the N~2~ fixation efficiency, whereas the hydrogen evolution reaction (HER) was greatly promoted by the generation of excessive H~2~ with Ru load reaching 5 wt % and over versus GaN ([Figure 3](#fig3){ref-type="fig"}B). This indicated that the Ru NP, although enriched with e^−^ by the metal/semiconductor Schottky junction, ([@bib35]) serves as the site for HER rather than N~2~ fixation, which is less energetically favored than HER (see [Figure S6](#mmc1){ref-type="supplementary-material"} for a proposed energy diagram). This is also consistent with our knowledge that GaN-catalyzed water splitting can be promoted by the incorporation of noble metal, which serves as the site for HER by donating photoexcited e^−^ to H^+^ ([@bib15], [@bib31], [@bib57], [@bib61]). As the same Ru\@GaN catalyst giving 49 μmol hydrogen in the water-splitting test (note that no NH~3~ is detected, [Figure 3](#fig3){ref-type="fig"}C), N~2~ fixation control experiment with 49 μmol hydrogen instead of water also gave only negligible conversion rate, indicating that NH~3~ was unlikely to be synthesized from *in situ*-generated hydrogen in Ru\@GaN-catalyzed N~2~ fixation by water. To further examine this process, parallel experiments were conducted using 5 wt % Ru\@GaN under elevated temperature ([Figure 3](#fig3){ref-type="fig"}D). Increased N~2~ fixation selectivity was observed as the temperature rises, with almost complete selectivity observed when the reaction was conducted at 90°C. This indicated that the N~2~ fixation selectivity rises with enhanced thermal motion of carrier at elevated temperature, which inhibits photoexcited e^−^ transfer from GaN and its vacancy, the suggested N~2~ fixation site, to Ru NP, the suggested HER site. To further examine the e^−^ transfer from GaN to Ru, time-resolved photoluminescence spectra were recorded for n-GaN NW and Ru\@n-GaN NW at room temperature. The average emission lifetime of Ru\@n-GaN (2.44 ns) was significantly reduced compared with that of n-GaN (31.83 ns) ([Figure 3](#fig3){ref-type="fig"}E). Electrochemical impedance spectra (EIS) for n-GaN and Ru\@n-GaN also showed a greatly reduced semicircle in Nyquist plots for Ru\@n-GaN compared with n-GaN ([Figure 3](#fig3){ref-type="fig"}F). Transient photocurrent spectra for the same catalysts again showed enhanced photocurrent for Ru\@n-GaN ([Figure 3](#fig3){ref-type="fig"}G). These evidences clearly show the significant carrier-transfer from GaN NW to Ru NP at room temperature. Such efficient carrier-transfer is scarce among most photosensitizing semiconductors, as carrier-recombination is common and significant, especially for predominantly studied oxide-based semiconductors ([@bib13]). Infrared (IR) spectra of Ru~3~(CO)~12~\@GaN and Ru~3~(CO)~12~\@TiO~2~ clearly show a higher wave number for carbonyl stretch on TiO~2~ compared with GaN ([Figure 3](#fig3){ref-type="fig"}H, see [Figure S7](#mmc1){ref-type="supplementary-material"} for full IR spectra), indicating a stronger electron withdrawing on Ru by TiO~2~ compared with by GaN, and hence a greater tendency for carrier-recombination for Ru\@TiO~2~ compared with Ru\@GaN.Figure 3Photo-production of Ammonia and Hydrogen by Ru\@GaN and Characterization(A) TEM identification of Ru\@GaN NW; right image shows the zoom-in region of the square area of the left image, showing Ru NP; inset, particle size distribution.(B) N~2~ fixation and HER results of Ru\@n-GaN catalyst with different Ru loads, See also [Table S2](#mmc1){ref-type="supplementary-material"}.(C) Control experiments without N~2~ and with H~2~, See also [Table S2](#mmc1){ref-type="supplementary-material"}.(D) Temperature-controlled selectivity change for Ru\@n-GaN NW, See also [Table S2](#mmc1){ref-type="supplementary-material"}.(E) Time-resolved photoluminescence result for n-GaN NW and Ru\@n-GaN NW.(F) Electrochemical impedance spectra of n-GaN NW and Ru\@n-GaN NW (inset).(G) Transient photocurrent spectra of n-GaN NW and Ru\@n-GaN NW.(H) IR spectra for the carbonyl region of Ru~3~(CO)~12~\@GaN and Ru~3~(CO)~12~\@TiO~2~, see also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Conclusion {#sec2.4}
----------

In summary, we have demonstrated the ability of GaN NW as a powerful heterogeneous catalyst for photochemical N~2~ fixation by water. We have demonstrated that the surfaces with N vacancy of wurtzite GaN NW photocatalysts are highly reactive with N~2~ molecules and offer unique advantages for N~2~ photoreduction. Different from GaN-catalyzed N~2~ fixation by H~2~, the incorporated Ru NP decreased the efficiency of GaN-catalyzed N~2~ fixation by water, possibly by serving as the center for HER. We also demonstrated the ability for GaN as a nitride-based semiconductor to inhibit electron-hole recombination steps. Further development of the GaN NW as a photochemical nitrogen fixation catalyst toward more practical and industrialized process is already underway in our laboratory.

Limitations of Study {#sec2.5}
--------------------

Owing to the limited experimental conditions and equipment, we were unable to test the direct growth of GaN NW inside the inner wall of large-scale reaction vessel. This experiment can bring the reported N~2~ photo-fixation closer to industrialization, which is an appealing and highly interesting examination if successfully conducted.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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